The structure of urea nitrate has been solved, by the use of three-dimensional X-ray data. Data were collected using Cu Ke and Mo K0~ radiations. The structure consists of layers with urea and nitrate groups held together by hydrogen bonds. The positions of all hydrogen atoms were found. The final R values for Cu and Mo measurements are 4.8% and 6.2% respectively. The agreement between the two sets of data is good.
Introduction
The position of the extra proton in the (thio)urea cation has been the subject of many contradictory publications. There are two possibilities for the structure: one in which the proton is attached to the oxygen atom and another in which the proton is bonded to one of the nitrogen atoms in urea. Attempts to locate the extra proton have been carried out by means of infrared spectroscopy (Davies & Hopkins, 1957; Janssen, 1961) but no unanimous conclusion could be drawn. To clarify this situation we started the determination of the crystal structure of thiourea nitrate (Feil & Song Loong, 1968) and urea nitrate.
Experimental
Crystals of urea nitrate were prepared by cooling a saturated solution of urea nitrate in methanol. The transparent crystals were extremely soft and flexible and great care had to be taken in handling them. Data were collected on a Nonius automatic diffractometer at room temperature. Reflexions of two crystals were measured, one with nickel-filtered Cu K~ radiation (0_<55 °) and the other with zirconiumfiltered Mo K~ radiation (0_<25°). With Cu radiation 628 reflexions were measured of which 26 were below the threshold value for an observed reflexion. These numbers are 906 and 253 respectively for Mo radiation.
The space group of the crystal is P2a/c as found by earlier workers (Lonsdale, 1940) . The cell dimensions and their standard deviations are: a = 9.527 + 0.007, b = 8.203 _+ 0.005 and c=7.523+0.006A; /?=124.37+0-05 ° . With 4 molecules in the unit cell the calculated density is 1.68 g.cm-3. The experimental value is 1.69 g. cm-3 (Lonsdale, 1940) . Apart from the systematic absences due to the space group symmetry the reflexions Okl with k = 2n + 1 are extremely weak.
Structure determination
A three-dimensional Patterson synthesis was calculated.
All peaks in this synthesis occurred at z/c = 0.0 and z/c = 0.5 indicating that the compound has a layer structure with layers parallel to the xy plane. From the fact that the Okl reflexions for k = 2n + 1 are very weak it can be concluded that the z/c coordinates of all atoms in the unit cell should be near to 0.25 or 0-75.
Inspection of sharpened Patterson maps suggested some trial structures, one of which gave rather good agreement with experiment using only low-order reflexions (R = 20%). Calculations up to this point were done with the use of one atomic form factor (that of nitrogen) for all atoms. The difficulty arising now was to distinguish the urea and nitrate groups. Comparison with the structure of thiourea nitrate (Fell & Song Loong, 1968) suggested two possibilities, one of which gave a slightly better comparison with experi- The standard deviation in the last decimal is given in brackets. The deviation given is applicable to all heavy or hydrogen atoms in one column. The neutron diffraction results of Worsham & Busing (1968) are given for comparison. The Cu data were refined first. The refinement was done by a modification of the ORFLS program (Busing, Martin & Levy, 1962) . The weight for each reflexion was taken to be w= 1/32, where a is the standard deviation of the structure factor. The tr was taken a= 2S+ 0-011Foh where S is the standard deviation due to counting statistics and Fo is the observed structure factor. The function minimized was w(IFol-1/slFcl) z where Fc is the calculated structure factor and s is a scaling factor. Refinement of the positions and isotropic temperature factors of the heavy atoms resulted in an R value of 15.4%. A difference-Fourier synthesis made at this stage clearly revealed the hydrogen atoms. A few cycles of refinement were then done with the temperature factors of the heavy atoms in anisotropic form. The R index dropped to 7"7%.
Inclusion of the hydrogen atoms and some cycles of refinement, in which positions and anisotropic temperature factors for the heavy atoms together with positions and isotropic temperature factors of the hydrogen atoms were refined, gave a final R value of 4.8%. In the last stages of refinement 9 strong reflexions were omitted.
The Mo data were then refined, starting with the parameters obtained from the refinement of the Cu data. After a few cycles of refinement the R index was 6.2%.
At this stage of the investigation, the publication of a paper (Worsham & Busing, 1969) , giving the results of a structure determination of urea nitrate by means of neutron diffraction was announced. It is interesting to compare the results of these two independent determinations of the same structure. For convenience of comparison we transformed the y coordinates of the atoms in Worsham & Busing's paper, so that their unit cell agreed with ours.
The final positional parameters are given in Table 1 . The labelling of the atoms is in accordance with the labelling in the paper of Worsham & Busing. Table 2 gives the final vibration parameters. The most important bond lengths and angles are listed in Tables 3 and 4 respectively. The structure of urea nitrate consists of layers of planar groups, parallel to the xy plane. The basic unit in this structure consists of a uronium and nitrate ion bonded by two N-H---O hydrogen bonds. These basic units are concatenated to a chain by short O-H---O bonds. Bonding between two chains is effected by two N-H---O bonds. This study shows clearly that the 'extra' proton is attached to the oxygen atom of the urea molecule.
Table 2. Vibration parameters
The temperature factor for the heavy atoms was The bond lengths found in urea nitrate are significantly different from the distances found in the urea molecule (Worsham, Levy & Peterson, 1957) . The C-O and C-N distances in urea are 1.243(6) and 1.351(7)/~ respectively. It is seen that the C-O distance is lengthened and the C-N distance is shortened when the O atom becomes protonated. Another interesting feature is the large difference in the two O-C-N bond angles in the uronium ion. These effects have also been found in thiourea nitrate (Feil & Song Loong, 1968) .
The nitrate group has two short and one long N-O distance. The longer one concerns the oxygen atom involved in the strongest hydrogen bond. In thiourea nitrate two long and one short N-O distance have been found. The oxygen atoms in the long bonds are involved in H-bonding, the short distance oxygen atom is not. The effect of appreciable hydrogen bonding seems to be to stretch the N-O distances.
Inspection of the Tables reveals that differences in the final position parameters of the two sets of measurements (Cu and Mo) are not significant. Comparing our results with those of Worsham & Busing shows that in general the difference in the position parameters is not significant. Differences in vibration parameters, however, are considerable. We believe the neutron results to be more reliable as it is well known that the thermal parameters in an X-ray refinement act as a dustbin for all sorts of errors: no correction for absorption, the use of the wrong atom-factors, neglect of bonding electrons etc. The importance of these bonding electrons was shown by the final difference-Fourier synthesis where maxima between atoms showed up clearly. In order to study this effect more carefully, we have started a structure determination at low temperatures.
